this relationship and to learn more concerning the changes in potassium concentration which can be produced experimentally.
The general scheme of the experiments as finally worked out was to soak thin sartorius muscles of the frog in isotonic solutions of varying compositions and to analyze matched muscles before and after the treatment for their contents of potassium and other ions. We preferred this simple technique, after trying the perfusion method of Mond and Netter, because it gave, in our hands, more uniform results and was much easier and quicker. Diffusion was of course slower, but the changes produced in 5 hours are easily measurable, and it is difficult to perfuse two frogs in a comparable manner, to be sure that every muscle in the frog is equally irrigated, and to know the exact weight of muscle tissue involved in the exchange of ions.
Method of Analysis
The muscles were placed in small covered platinum crucibles in an electric oven overnight and were thus reduced to a white ash. Known amounts of potassium submitted to the same procedure showed no loss. The oven temperature did not exceed 650°C. and attained this figure only after 3-4 hours. This is the method recommended by Ernst and Barasits (1929) . The analysis of the ash was carried out by the platinic chloride precipitation as described by Shohl and Bennett (1928) .
Two drops of N/1 hydrochloric acid and 0.3 cc. platinum chloride (10 per cent) were added to the ash in the crucible and mixed thoroughly, 5 cc. absolute alcohol were added, and the mixture was allowed to stand for 20 minutes. Then the crucible was transferred to a Jena glass filter funnel in a suction flask and inverted. Precipitate, filter, and crucible were washed on the filter four or five times with alcohol saturated with KzPtC16, and then three or four times with 10 per cent KC1, also saturated with K2PtC16. The funnel was transferred to a clean suction flask, and the funnel and crucible washed with 10 or 15 cc. of hot water; then with 1 cc. of 2~r KI and more hot water, the final volume being 25 or 30 cc. The flask was incubated at 65°C. for 10 or 15 minutes and titrated hot with Na2S~O3 (about 0.005 ~) from a micro burette calibrated to 0.02 cc. The technique was checked by an analysis of a known solution each day. The analyses were not continued until an accuracy of 2-3 per cent was attained.
Muscles were weighed on a torsion balance before and after immersion. Unless otherwise stated the weight changes during immersion were not important and concentrations were calculated per gram of initial wet weight. Irritability was measured in most cases after immersion in the experimental solution. This was done by determining the minimum primary current in an induction coil which would just cause a contraction. The coil distance was kept at zero and the results are expressed as reciprocals of the primary current or ohms/volt. The current was regulated by a variable resistance. Only at very low resistances did this method lead to difficulties on account of the variable electric resistance of the cell itself.
The pH of the solutions was checked by use of a quinhydrone electrode using 0.05 x~ potassium phthalate as standard.
The muscles were handled by a thread tied to the tendon. They were exposed to 100 cc. of the solutions in 250 cc. Erlenmeyer flasks in a water bath at 22°C. The flasks were fitted with two-hole rubber stoppers and two tubes, one reaching to the bottom for use in equilibrating the mixture with 5 per cent CO2 or other gas mixture. The CO2 was measured into a spirometer from a burette and the final mixture checked by gas analysis. Unless stated to the contrary all the solutions contained x~/150 phosphate buffers, CaC12 0.02 per cent, and NaC1 0.65 per cent. The NaCI content was decreased to compensate for large amounts of KC1 or NaHCOa added to attain the desired pH in the presence of CO2.
RESULTS

Normal Variations in Potassium
Content.--Over a thousand sartorius muscles have been analyzed for potassium during this investigation. 1 Some of these analyses were done in matched untreated muscles merely to test the accuracy of the technique. In one series, eleven pairs of semitendinosus muscles were analyzed. The results for two of these pairs differed by 15 and 23 per cent respectively but in the remainder the maximum difference between any two matched muscles • was 6.2 per cent and the average difference was 3.2 per cent. In a second series of fifteen muscles one pair differed by 24 per cent but the maximum difference in the other fourteen pairs was 8 per cent while the average difference was 2 per cent. An occasional analysis is therefore erroneous, or an occasional pair of muscles widely divergent.
The potassium content of 89 sartorius muscles was 330 -4-23 (probable error) rag. per cent (rag. K per 100 gin. wet weight of muscle), while 45 other leg muscles, mostly thigh muscles, gave an average value of 316 q-23 mg. per cent. The average of all 134 analyses was 325 rag. per cent.
No significant seasonal variations could be established between the months of October and May nor any constant differences between sartorius, gastrocnemius, etc. Nevertheless we believe that there are important differences be-1 All the analyses were made by the junior author. We are indebted to Miss Margaret Erlanger for some preliminary analyses• tween different muscles in the same frog even though the differences are not in the same direction in all frogs. Thus in five frogs, both sartorius, both semitendinosus, and both semimembranosus muscles were analyzed. The average deviation from the sartorius value in the same frog was 24 per cent, while the average difference between the two muscles of each pair was only 2 per cent, as stated above. It is not therefore justifiable to analyze a gastrocnemius muscle as a control for a sartorius muscle. These results indicate that a pair of sartorius muscles must be used for each experiment, one for each of two solutions to be compared or else one for the initial potassium content and the other for the change produced by the experimental procedure.
Usual care was exercised in dissecting the muscles to avoid injury and the dissection was carried as close as possible to the origin. Nevertheless there seemed a possibility that a large fraction of the potassium interchange between muscle and solution might take place at the ends of fibres cut across at the pelvic end. To test this possibility six pairs of sartorius muscles were cut in halves in the mid- dle, the two pelvic and the two tibial ends from each pair being analyzed together. Six other pairs were similarly treated after soaking for 5 hours in Ringer's solution. The results are shown in Table I .
The differences are probably not significant but such differences as do appear would suggest that the loss of potassium was more rapid through the slightly smaller tibial half than through the slightly injured pelvic half. Hence it may be concluded that the loss through the injured end is not excessive.
Varying Potassium Concentragon.--
A series of isotonic solutions was prepared in 250 cc. Erlenmeyer flasks with concentrations of potassium varying from zero up to 196 mg. per cent. In addition to the potassium, each solution contained CaCI, 0.02 per cent, NaH~PO4 ~/150, and NaC1 in amounts which decreased as KC1 increased. Each solution was equilibrated with oxygen and contained enough NaOH to give the desired pH, in this case 5.6 and 7.2. One sartorius muscle was placed in each solution, the matched muscle from the same frog being analyzed at once for potassium. The flasks were left in the cold room at about 4°C. for 22-23 hours when the muscles were removed, superficially dried on filter paper, weighed on a torsion balance and put into a crucible for ashing and potassium analysis. In this experiment, the potassium content was calculated on the basis of the final weight of the muscle after immersion. Fig. 1 shows the results obtained in two experiments of this type, one at p H 7.2 and the other at p H 5.6. Ordinates represent the differences in potassium content between the control and experimental muscles. At p H 7.2, the graph crosses the zero line at 19 mg. per cent indicating that in a solution of this concentration and under the conditions of this experiment a muscle will neither gain nor lose potassium. -i00 l'~.pec cef~t b0 100 i50 ~00 K in 3oiutiot~ FIG. 1. Graphs showing the gain or loss of potassium by a frog sartorius muscle after immersion for 22-23 hours at 4°C. Each point represents the difference in potassium content between the control muscle analyzed before the period of immersion and the experimental muscle analyzed after immersion.
In weaker solutions there is a loss of potassium from the muscle and in stronger solutions there is a gain3
At p H 5.6 a more concentrated solution is required to prevent the loss of potassium, the equilibrium concentration being 46 rag. per cent. At concentrations larger than this there is as before a gain in potassium but in this experiment the gain is no larger than would be expected if only the tissue spaces gained potassium until the concentration equalled that in the solution outside, the potassium content of the fibres themselves remaining unchanged. Assuming 25 per centof the whole muscle as tissue space and neglecting the small amount of potassium originally present therein, the gain in potassium to be expected from this cause has been calculated and is shown as a dotted line in Fig. 1 . Thus at 200 rag. per cent Ko the increase in K~ would be 50 rag. per cent. The observed gain is evidently well explained by the tissue spaces and there is no reason to suppose therefore that the potassium concentration inside the fibres has increased.
In these very strong potassium solutions the muscle also swells, due presumably to a loss of the normal anion impermeability. At pH 5.6 the gain in weight was 12 per cent and 13.3 per cent at 117 and 196 rag. per cent K respectively. If the potassium contents had been calculated in per cent of the initial weight of the muscle the gain in potassium in these solutions would have been much larger than that indicated but the actual concentration of potassium in the fibres might have been decreased. Since we are interested in concentration rather than contents we have calculated potassium according to the weights after immersion in all solutions which cause a swelling of the muscle.
As long as the potassium inside the muscle is in equilibrium with the potassium outside, an increase in Ko should lead to an increase in K~. According to Fig. 1 this occurs up to a certain point after which there is no further increase in K~. This point of inflection in both curves seems to coincide fairly accurately with the point indicated by an arrow, at which the muscles, at both pH 5.6 and 7.2 become almost completely non-irritable. While more experiments are necessary to establish this correlation as strictly valid, it appears that when the muscle membrane is injured by the high potassium concentration to such a degree that excitation becomes impossible, the concentration of potassium inside the fibres has reached a limit. Possibly the membrane has become permeable to anions. This would result in swelling also if the protein anions are still unable to escape. It is in fact only in the solutions stronger than 100 mg. per cent K at both pH 7.2 and 5.6 that swelling was observed. At pH 7.2 there is, however, a large increase in the concentration of potassium before this point is reached.
Brief mention may be made at this point of the effect of immersing muscles in isotonic KC1 (0.9 per cent or 472 rag. per cent K). Such muscles gain in weight at the rate of 16 per cent of the initial weight per hour for about 16 hours and then remain about constant. The solution which is absorbed is approximately isotonic as regards potassium but contains much less chloride. Since the muscle as a whole becomes simultaneously slightly more acid and since the loss in sodium does not cover the excess of potassium over chlorine, it is obvious that some other ions than K, Na, H, OH, and C1 must be involved. Lactic acid formation and phosphocreatine synthesis help to account for the remainder of the potassium. Some of the potassium absorbed serves merely to raise the concentration in the tissue spaces. Some of our analyses show more potassium absorbed than can be accounted for in this way, indicating an increase in concentration inside the fibres, but this seems to be the exception rather than the rule. With the irreversible loss of excitability of the muscle has gone also, to a large extent at least, the ability to concentrate potassium. 3
The Effect of pH
Perhaps the most significant feature of Fig. 1 is the fact that at pH 7.2 the tendency of potassium to escape from the muscle is less than at pH 5.6; a smaller value of Ko is necessary to prevent decrease in K~. This is to be expected on the basis of a membrane equilibrium if the membrane is permeable to potassium and indeed H6ber (1928) has some observations to confirm this prediction. Likewise Ernst and Takacs (1931) show that the addition of lactic acid to the sugar perfusate increases the amount of K and PO4 which is extracted from frog muscle. 4 It seemed possible, however, to test the matter more
In a preliminary abstract of this work we did not allow for the swelling of the muscle and concluded, probably erroneously, that a muscle could continue to concentrate potassium even after irritability is lost (Fenn, 1933) .
* Recent experiments performed since writing this manuscript have indicated that the loss of potassium is to a considerable extent dependent upon the ability of the muscle to lose phosphate. Matched muscles were soaked in high (M/150) and low (M/3000) phosphate Ringer without potassium. In the latter solution phosphate would diffuse out (Stella, G., J. Physiol., 1928, 66, 19) and the loss of potassium from the muscles in two experiments was 73 and 90 mg. per cent greater than in the more concentrated solution. We have also found a 19 mg. per cent greater loss of K from a muscle in nitrogen than from its mate in oxygen possibly because of the simultaneous loss of lactate. We were unable to confirm the statement of Wojtczak (Wojtczak, A., Biol. Abst., 1929, 3, 19068 ) that absence of sugar from the Ringer's solution accelerates the loss of potassium.
quantitatively by determining the effect of pH upon the equilibrium potassium concentration; i.e., the concentration of Ko at which the muscle neither loses nor gains potassium. Thus if the equilibrium is such that K~/Ko = H~/I-I~ = OHo/OH~, where K~ and I~ refer to the activities inside and outside the muscle respectively, then K~ × OH~ = Ko × OH°.
If at equilibrium, i.e. when K~ is constant, OH~ is also constant, then Ko × OHo should be constant. In other words as the pH is changed, the equilibrium value of Ko should change in such a way that Ko and OH° should remain constant and equal to K~ × OHm.
-iO0 To test this suggestion it was necessary to determine the "equilibrium points" in a number of solutions of different pH values. A pH of 6.3 was tried under conditions comparable to those shown in Fig.  1 and also a series of similar experiments under different conditions in the hope of obtaining more uniformity in the behavior of different muscles. For this reason some muscles were left in the cold room overnight in aerated Ringer's solution to reach a "basal" state and to recover from dissection injuries. The most carefully studied condition, however, was at 22°C. in an atmosphere of 5 per cent COs + 95 per cent O3 with M/150 phosphate and bicarbonate to give the desired pH. This offered the further advantage that the bicarbonate content of the muscle could be measured simultaneously, thus permitting a calculation of the pH inside the muscle. The data obtained from some of these experiments are plotted in Fig. 2 . Other series at pH 6.3, 7.25, and 7.5 were tried and have given intermediate and confirmatory values which will be omitted to avoid undue confusion. The results are essentially similar to those of Fig. 1 except that the equilibrium concentrations are uniformly larger, due chiefly to the higher temperature, and no definite point of inflection is observed corresponding to the approximate point of non-irritability, although this might have appeared in still higher concentrations at pH 7.7. Three more curves of the same type are plotted in Fig. 3 . The muscles were immersed in the same solutions described in connection with Fig. 2 but they were kept for 22 hours in the ice box at about 4°C. in the hope of diminishing the rate of metabolic disintegrative changes and leaving the diffusion rates relatively unchanged. There is much less difference between pH 6.3 and 7.7 than in Fig. 2 . In the alkaline solution there is a definite increase in the concentration of potassium at least up to a certain limit. Beyond this maximum at pH 7.7 there is a decrease in potassium concentration which may be real and may be correlated as before with the diminishing irritability found in these solutions. It should be noted that in this series even at pH 6.3 there is definite evidence of a movement of potassium into the fibres against the concentration gradient. According to this test the anion impermeability still persists and to that extent the cell is still in a normal condition.
The irregularity of these results is considerable 5 but the conclusions are unmistakable. It is obvious that it does not suffice to say that the muscle is in equilibrium with a solution containing 13 rag. per cent potassium, for this varies markedly with the pH. Mond and Amson (1928) determined this value by perfusing with a solution containing NaHC03 but no P04 or C02 except such C02 as came from the metabolic processes in the muscle, e The arterial solution must therefore have been quite alkaline which would agree with our results.
Since Ko (at equilibrium) decreases with increase in pH according to theory we have next to inquire whether this decrease is quantitatively as well as qualitatively in agreement with the theory.
This can best be te~ted by plotting log Ko against log OHo (or pH). If Ko X OHo is equal to a constant then log Ko A-log OH° or log Ko n u pH is equal to a constant and the graph should be a straight line of such a slope that log Ko should decrease from (say) 2.0 to 1.0 when pH increases from 6.0 to 7.0. The slope of the graph should be therefore independent of the absolute value of the product Ko × OHo which will determine only the intercepts on the x and y axes.
In Fig. 4 the "equilibrium" values of log Ko and log OH° (pH) (i.e. when K~ is constant) have been plotted in this way using all the experiments available of the type described in Figs. 1-3. Five graphs, A, B, C, D, and E are obtained. The theoretical slope for constancy 5 We have made no attempt to select typical experiments for presentation but have included practically all the results obtained. Many more experiments would be needed to determine the extent of the variations which could be expected in the behavior of frog muscle.
These authors mention no pH effects in their perfusion experiments but in a personal communication Dr. Mond informs us that they looked for such effects but did not observe them.
of the product Ko × OH° is indicated by straight lines. It is evident that the most thoroughly studied condition (5 per cent COs, 5 hours, at 22°C.) represented by Curve A, gives results which approximate fairly well to this slope within the physiological range from 7.0 to 7.7. Parts of Graphs B, E, and D also seem to approach this slope as a (Fig.  2) ; B, same as A but muscles previously kept overnight in Ringer's solution at about 4°C.; C, 5 per cent COs, 22 hours at 4°C. (Fig. 3) ; D, phosphate buffers, no Ca, 5 hours at 22°C. after previous treatment overnight at 4°C. in Ringer's solution; E, phosphate buffers, 22 hours at 4°C. (Fig. 1). limiting value. At pH below 7.0, Graph A deviates markedly from the theoretical slope. This we believe due to the fact that the pH does not remain constant inside the muscle even though K~ is constant. If the product Ks X OH, varies there is therefore no reason to expect Ko X OIL, to remain constant. Instead of remaining constant at pH 5.6 outside the pH inside decreases. This large concentration of H + inside readily exchanges with K outside. A smaller concentration of Ko is therefore necessary to keep K~ constant.
We do not offer Fig. 4 as proof that Ko × OHo is constant. The points are hardly accurate enough to prove that this and no other relation obtains. Furthermore the pH inside is not really constant anywhere in the physiological range except at pH 7.0. Fig. 4 does show, however, that the data are not inconsistent with this theoretical interpretation. One of the chief difficulties with the theory is that the pH inside is not much if any less than pH outside. To demonstrate this fact it is necessary to describe measurements of the pH inside the muscle.
pH Changes inside the Musde.--The pH inside the muscle was estimated from the combined CO2 when equilibrated with a known COs tension (5 per cent) by means of the Henderson-Hasselbalch equation. On account of the doubtful assumptions involved in using this equation for tissues, especially the impossibility of making allowances for tissue spaces, the resulting figure is properly referred to as an "equiva-
The H2CO8 in 5 per cent CO2 per 100 gm. of muscle was taken to be 0.829 × 0.80 × 0.05 × 100 = 3.316 vol. per cent assuming 80 per cent water in the muscle, and taking 0.829 as the absorption coefficient for CO2 in water at 22°C. For 5 per cent CO2 the pH is therefore calculated by the formula pH = 5.65 dlog (vol. per cent combined CO2) when pK1 = 6.17. The combined COs is also calculated per 100 gm. of muscle. If both HCOa and H2CO8 were calculated per 100 gin. of muscle water the result would of course be unchanged. The value of pK1 was taken from CuUen, Keeler, and Robinson (1925) for human blood plasma at 22°C. According to Meyerhof, MShle, and Schulz (1932) the pK1 should be greater than that for bicarbonate by 0.14 on account of a difference in the activity of HCOa-in muscle. These authors use pK1 = 6.40 at 20°C. If this value were used it would be necessary to conclude from our experiments that a muscle which neither lost nor gained CO2 in 5 hours in a solution of pH 7.0, had a pH inside of 7.23. The pH of our solutions was measured with a quinhydrone electrode using a potassium phthalate standard.
The combined COs was measured as follows: The muscle was removed from the experimental solution, blotted on filter paper, weighed, and placed in 1 cc. of unbuffered Ringer's solution in a respirometer bottle (differential volumeter) containing 0.3 cc. of 25 per cent citric acid in a side arm. 5 per cent COs -I-95 per cent 03 was passed through the bottle, the solutions having been previously equi-librated with the same gas. Cocks were turned after the respirometer had been in the bath 10 minutes, and half an hour later the acid was dumped into the Ringer's solution. Readings were continued after acidification until there was no further increase in volume. Ordinarily the volume begins to decrease again very slowly within 1 hour after dumping. A correction was of course made for the solubility of CO~ in the Ringer's solution and in the muscle on the basis of the absorption coefficient of COs for water at 22°C.
The results of these measurements show us what changes to expect in the position of the CO2 dissociation curve previously determined for normal muscles (Fenn, 1928) . They have a further special importance in furnishing a test of the theory that transfer of potassium takes place only by exchange with hydrogen (or by diffusion as KOH). In either case, since the muscles are equilibrated with 5 per cent COs during immersion in the experimental solutions, any penetration of potassium by either of these mechanisms would cause an equivalent increase in combined COs. The results show that this takes place to a limited extent only.
Muscles were soaked for 5 hours in solutions of varying pH with Ca, K, PO~, and Na constant, COs buffers being used. The results are shown in Fig. 5 , all the muscles used in this series being represented. The "equivalent pH" inside is plotted against the pH outside, the diagonal through the origin representing the points where the pH is the same inside and outside. The normal muscle has an initial pH in 5 per cent COs of 7.0 as indicated by the horizontal line. As diffusion takes place in the experimental solution the pH inside decreases in acid solutions and increases in alkaline solutions as if the initial horizontal line were gradually rotating anticlockwise, as indicated by the arrows, to approach the diagonal line. After 5 hours the combined CO~ is 8-10 vol. per cent at pH 6.3 outside and 40-50 vol. per cent at pH 7.7, the normal content in HCO3 being about 22 vol. per cent. These changes are large and relatively independent of small effects due to differences in potassium content of the solution. This is evident when it is realized that the potassium concentration in some of the solutions varied at the same pH from 0 to 51 rag. per cent K. The pH inside, in other words, is almost entirely dependent upon the pH outside and the period of immersion. Evidently the pH inside can change independently of the potassium which is therefore not the only penetrating ion.
It is remarkable that an inside pH of 7.0 should be exactly in equilibrium with a pH outside of 7.0. The same is true of nerve except that the pH concerned is 7.15. With potassium 30 times more concentrated inside than outside there should be, in a Donnan equilibrium a like difference in H +, so that the pH inside the fibres themselves ought to be 5.62 if it is 7.0 outside. The theory is evidently incomplete. 
Effect of Varying Potassium Concentration in the Solution upon the pH inside
If potassium enters a muscle by exchange with a hydrogen ion or as KOH, then a high potassium content in the solution should cause an increase in pH inside. In other words the pH~ should depend upon both pHo and Ko just as K~ depends upon both pHo and Ko. Experiments show that this is the case to a limited extent, although all the potassium which diffuses cannot be accounted for in this manner.
Matched muscles were soaked for 5 hours at pH 7.0, one in a solution containing no potassium and one in a solution of high potassium (43 rag. per cent) content. 5 per cent COz-bicarbonate buffers were used.
Mter 5 hours the muscles were blotted, weighed, put in a respirometer in 1 cc. of unbuffered Ringer's, and equilibrated again with 5 per cent CO, + 95 per cent 02. The combined CO2 was then determined by dumping citric acid and the pH calculated. The contents of the respirometers were finally rinsed into a crucible, evaporated to dryness, ashed, and analyzed for potassium. The potassium originally present in the Ringer's solution was deducted from the total found. There was no significant change in weight of the muscles in either solution during immersion. Temperature ---22°C.
The results of four such experiments are shown in Table II . Averaging the results together it is found that Muscle B after 5 hours in high potassium Ringer's solution contains 2.09 m.-eq, per 100 gm. muscle more K than Muscle A, and only 0.18 m.-eq, per 100 gm. more HCO~. The calculated increase in pH inside due to the high potassium is 0.14 as an average. Some potassium can obviously have diffused out of Muscle A as KOH thus decreasing the KHCO3 inside. Some potassium may have diffused out without a corresponding de-POTASSIU~ IN ~USCLE crease in HC08-if accounted for by the buffer activity of phosphates, proteins, etc. The fraction of the excess of potassium in Muscle B which could be explained in this way, however, is very small as can be estimated from the CO2 dissociation curve of frog muscle (Fenn, 1928) . From this curve (for summer frogs) it can be ascertained that between pH 6.8 and 7.2 the combined CO2 increases 3.9 vol. per cent or 0.174 m.-eq, per 100 gin. muscle for 0.4 increase in pH. The average pH in Muscle B is only 0.14 greater than that in Muscle A. Hence the amount of KOH which could be buffered by this means is only 0.14/ 0.40 X 0.174, or 0.006 m.-eq. If therefore the difference between Muscles A and B is interpreted as due to diffusion of potassium from Muscle A it must be concluded that only 0.181 + 0.006 or 0.187, out of the 2.09 m.-eq, which are lost, can have diffused out as KOH, unless some other acid-base change has occurred such as a formation of lactic acid or of phosphocreatine.
It will be observed in Table II that in Experiments 143 and 144 the CO2 values are lower and the potassium values are higher than in Experiments 130 and 132. This difference is due to the fact that the former muscles were left in aerated phosphate Ringer for 15 hours at 4°C. before being used. During this time the CO2 tension was near zero and the reaction must have been fairly alkaline inside. Presumably therefore base diffused out (or acid in). Later when the muscles were put into 5 per cent CO2-bicarbonate solution at 22°C. the COs diffused in and they became therefore more acid than normal muscles and had a low COs content. Being more acid inside they lost less potassium during the treatment at 22°C. with no potassium in the Ringer's. The average pH of Muscles A and B respectively was 6.93 and 6.98 for untreated muscles and 6.57 and 6.80 for muscles left in the cold room. The untreated muscles, being in a solution of pH 7.0, did not change much from this value as already explained in Fig. 5 .
The average weight of the muscles used in the experiments of Table  II was 127 rag. (105-145) . In the absence of potassium the muscles lost on the average 2.2 mg. in weight while in the high potassium solutions they gained 2.8 rag. The difference in weight is therefore about 4 per cent while the difference in potassium between the two muscles is 25 per cent. There must have been some compensatory changes in other ions, perhaps sodium. The weight was, however, consistently higher where the potassium content was high.
All the muscles in these experiments (Table II) were irritable at the end of the experiment but those in the high potassium solutions had an irritability of only 45 as compared to 278 (ohms per volt) for the low-potassium muscles.
The above interpretation of the effect of soaking muscles in the cold room overnight is rather instructive and is confirmed by an experiment in which one of a pair of sartorius muscles (A) was analyzed immediately after dissection for combined CO~ and K, while its mate (B) was similarly treated after being left in the cold room overnight in normal aerated Ringer's solution. The potassium decreased from 356 to 288 rag. per cent while the HCO3 decreased from 26.2 to 12.2 col. per cent, the "equivalent pH" values for the inside of the muscle (after equilibrating with 5 per cent CO~) being 7.07 and 6.74 respectively. The decrease in potassium in this case was 1.74 m.-eq, of which loss only 0.62 m.-eq, was accounted for as HCOs. Another experiment (A) summarized in Table III illustrates nicely the effect of the pH inside the muscle upon the loss of potassium. Two solutions were prepared containing usual amounts of NaC1, CaCI~, and phosphate buffers, bt/t no KC1. One was equilibrated with O2 and the other with 5 per cent CO2 + 95 per cent 02. The pH of both was adjusted to 6.3. A pair of sartorius muscles was immersed, one muscle in each solution, and left in the cold room overnight. In this solution both muscles lose potassium, but the one in the solution containing only phosphate buffers lost 46 mg. per cent more than the one in the solution containing phosphate plus CO2 buffers. The difference is to be attributed to the greater acidity inside the latter due to the 5 per cent CO2. A similar experiment (B) was tried at pH 7.3 with 47 POTASSIUM IN ~USCLE rag. per cent K. The initial potassium content is unknown but probably the CO~ muscle gained potassium and the PO, muscle lost potassium, the difference in potassium content being 113 rag. per cent. These experiments show that an increase in pH inside favors the loss of potassium from the muscle just as an increase of pH in the solution favors the entrance of potassium into the muscle from the solution. In spite of this indubitable relation between pH and potassium diffusion, evidence has been cited in Table II to show that potassium is not the only diffusible ion, for pH changes can occur independently of potassium diffusion. The figures represent differences between K and HCO3 analyses of pairs of muscles, one analyzed before and the other after soaking for 5 hours at 22°C. in 5 per cent CO2 + 95 per cent 02. Solutions contained 0.65 per cent NaC1, ~r/150 phosphate, 0.02 per cent CaCI, in addition to KC1 and HCOa.
Further evidence of the same effect is furnished by the data of Table  IV in which figures are given for simultaneous changes in K and HCO8 concentration caused by an immersion of 5 hours in solutions of varying potassium and hydrogen ion concentrations. At pH 6.3 muscles lose 0.62-0.95 m.-eq, ttCO8 per 100 gin. in solutions of all concentrations of potassium from 0-51 rag. per cent, but at 51 rag. per cent K the loss of potassium is only 0.33 while in the absence of potassium it is certainly more than 3.72 m.-eq, although the actual analysis in this case was lost. Likewise at pH 7.3 all three muscles gain HCOa while two of them lose K. Under other conditions they may lose HCO3 when K is gained; they may show a large change in pH after immersion while K remains constant, or the K content may change while the pH remains constant.
Effect of Ntt4CI
Another instructive example of an increased loss of potassium due to a high internal pH is derived from experiments in which some of the NaC1 in Ringer's was replaced by NH,C1. As in the case of the erythrocyte, NH,OH readily penetrates the muscle and increases the alkalinity inside, This increased alkalinity causes in turn a redistribution of potassium between the inside and the outside so that potassium diffuses out, perhaps due to the increase in the product K, × OHm. The amount of NaC1 replaced by NH4CI was 0.033 ~ in (a) and 0.044 M in (b). In both cases the solution had a pH of 7.3 and a potassium content of 32 rag. per cent. Muscles were soaked in these solutions for 5 hours at 22°C. before analysis.
On this basis Jacques and Osterhout (1930) explain the loss of potassium from cells of Valonia exposed to NH4C1. It was also noted that the irritability of the muscles to break induction shocks decreased markedly as potassium diffused out. The figures from these experiments are shown in Table V .
Effect of CaCl~
We have endeavored repeatedly to learn what effect a change in the calcium concentration would have upon the potassium equilibrium. The results, however, have not been altogether consistent. Nine such experiments may be selected for summary. Each experiment involved the analysis of a pair of muscles after 5 hours immersion, one in a Ringer's solution containing no calcium and the other in a Ringer's solution containing 0.02 or 0.04 per cent CaClv Otherwise the solutions were the same for both muscles. The pH of both solutions varied, however, in different experiments from 4.5 to 7.5 and the potassium from 8 to 32 mg. per cent. Of the nine experiments, seven showed more potassium in the muscle in the CaC12-Ringer solution, the average increase being 53 mg. per cent. The other two experiments showed decreased amounts of potassium in the presence of CaCI~, the differences being 19 and 50 mg. per cent. It appears therefore in general that CaC12 tends to prevent the loss of potassium from muscles but the differences are not great and there are doubtless Complicating factors which could not be adequately controlled. We find it impossible therefore to make a very positive statement concerning the effect of calcium at the present time.
Correlations with Irritability
In most of these experiments we have measured the irritability of the muscles after and sometimes also before the period of immersion in the experimental solution. Some correlations with the potassium equilibrium can be made out but in other respects the correlation is not very good.
Immediately after dissection the irritability of a frog sartorius muscle measured with an induction coil is perhaps 1000 ohms/volt. If left in Ringer's solution this value rapidly declines within the 1st hour to about 100 or 200 after which the decline is relatively slow. Samples of the rapid decrease are shown in the two lower graphs in Fig. 6 . One of these graphs represents normal muscles and the other represents muscles equilibrated with 30 per cent CO2 and therefore much more acid both inside and out. Each graph represents the average of three or more experiments. To avoid confusion the large number of scattering experimental points from many different muscles are not included. As would be expected the greater acidity causes a more rapid loss of irritability. Some of the muscles were analyzed for potassium at various times during these experiments and the results, represented by the graphs in Fig. 6 , show that the more rapid loss of irritability was accompanied by a more rapid loss of potassium. The more rapid loss of potassium is probably due to the fact that CO~ causes initially a greater increase in acidity outside in the Ringer's solution than inside the muscle, because muscle is better buffered than is the Ringer-phosphate solution. The buffer value (dB/dpH) for muscle is 0.02 and for Ringer's solution 0.0058 (with 5/150 phosphate). It may be estimated that in 30 per cent COs the pH inside the muscle was 6.3 as compared to 5.9 outside. On the basis of these experiments an increase in CO~ tension in the capillaries of a muscle iv vivo would be expected to cause a shift of potassium from muscle to blood comparable to the shift of chlorine from plasma to corpuscles. Some of these muscles were also put into respirometers after different periods of time, equilibrated with 30 per cent COs, and analyzed for combined CO, by dumping citric acid. The average initial content was 42.4 voh per cent in six muscles. The decrease in HC08 with time is indicated in the uppermost graph in Fig. 6 in per cent of the initial value. The experimental error of the few figures obtained was sufficient to obscure any difference between the muscles equilibrated with 30 per cent COs and the controls which were exposed to CO~ only at the time of analysis. Both muscles were presumably slightly more alkaline than the solution and both showed a decrease to 60 per cent of the initial HCOs in 5 hours. Thus the potassium loss in 5 hours is 4.1 m.-eq, per 100 gin. while the COs loss is 0.76 m.-eq. It is impossible to account for this large potassium loss without further analyses for Na, P, lactic acid, etc.
This sudden loss of irritability resembles at first thought the sudden loss of irritability described by Gellhorn (1930) when the concentration of potassium in the solution exceeds a certain critical value depending upon the amount of calcium present. We have tried, however, the concentrations of salts recommended by Gellhorn for the preservation of normal irritability and continue to find the same rapid initial drop in irritability. This drop is so rapid that one must work quickly in order not to miss it. Sometimes even a minute or two makes a big difference. The second muscle dissected of a pair of sartorius muscles usually had a lower irritability than the first. Semitendinosus and ileofibularis muscles give similar results. In Ringer's solution containing no potassium the initial fall in irritability is more rapid than in high potassium solutions. Possibly the immediate effect of potassium is to partially depolarize the membrane and increase irritability, while higher concentrations or more prolonged exposure may destroy the membrane and so abolish excitability. Lapicque and Nattan-Larrier (1926) have reported an initial decrease in chronaxle followed by an increase as a result of treatment with potassium. The injurious effect of both high and low potassium solutions are reversible to a certain extent.
Another surprise lies in the discovery that the irritability is increased by increase in the potassium content of the Ringer's solution up to a certain optimum. The optimum concentration of potassium according to our experiments is about 20 or 25 mg. per cent K, whereas usual Ringer's solution contains only about 5 mg. per cent K (0.01 per cent KCI). We at first thought that this optimum corresponded to the concentration at which the muscle was in potassium equilibrium, there being a decrease in irritability when potassium was either lost or gained by the muscle. The graphs of Fig. 7 show, however, that this is not the case because the point of optimum irritability does not vary significantly with the pH. Thus at pH 6.3 the muscle is in equilibrium (as to K) with a solution of 75 rag. per cent K whereas the optimum for irritability is at 20 rag. per cent. Where the points on these irrita-bility curves are close enough together it is often possible to see that there is a very sudden drop after the concentration passes a certain critical value. One of the curves at pH 7.3 (Fig. 7) shows a suggestion of this effect. The drop is probably also sudden with respect to time and may correspond therefore to Gellhorn's sudden drop of irritability. We are quite well aware that this maximum of irritability at a relatively high potassium concentration may be due to our method of measuring irritability and we are not disposed to defend this simple induction coil method very far. In such experiments as we have tried, however, the chronaxie criterion gave a similar result. A similar optimum concentration of potassium was found by Sereni (1925) for tension and heat production but in this case the optimum coincided with the usual concentration in Ringer's solution.
Potassium Diffusion vs. Time
In most of our experiments a period of diffusion of 5 hours was arbitrarily selected as convenient. A few observations were made, however, at other durations so that the gain and loss of potassium as a function of time could be plotted. In each case the solutions were in equilibrium with 5 per cent COs and the temperature was 22°C. Curves representing four such experiments are plotted in Fig. 8 . In acid solutions, low in potassium, there is a steady loss of potassium from the beginning. In another equally acid solution (pH 6.3) the potassium concentration was high enough (51 rag. per cent) to cause an initial gain in potassium followed eventually by a loss. (Note one widely divergent point, a not uncommon result.) This subsequent loss may have been due to the increasing acidity inside and the destructive effect of high potassium upon the membrane. Even at neutrality and 30 rag. per cent K, however, the initial gain in potassium was not maintained. Only at pH 7.7 and 39 rag. per cent K did the experimental muscle continue to show a net gain 24 hours after the control muscle was analyzed. Some but not all of this gain might be due to an increase in the concentration of potassium in the tissue spaces until equal to that in the solution.
DISCUSSION
The evidence just presented shows clearly that potassium diffuses in and out of muscles by exchange with hydrogen ions or some equivalent process. Otherwise it is hard to explain how potassium can move against the concentration gradient after a slight increase in the concentration of potassium outside. Furthermore we have shown that potassium tends to move toward the side of increased acidity and when potassium is increased inside the muscle we have demonstrated an increase in bicarbonate content. The changes in bicarbonate, however, are not quantitatively sufficient nor are they always even in the right direction to explain completely the potassium movement. It is therefore evident that under the conditions of these experiments some anion or cation other than K must have diffused across the membrane. This fact is not in agreement with the general theory that the muscle membrane is anion-impermeable and permeable only to the smaller cations, K and H. To explain this conflict we are now attempting to determine what other ions are involved in this equilibrium shift. It is necessary to include in the study all chemical reactions within the muscle which can change the acid-base balance, e.g. the formation of lactic acid and the synthesis of phosphocreatine. Meanwhile we must consider the possibility that ions other than potassium can diffuse only outside the physiological range where the muscle has been somewhat injured or, that there is enough diffusion between solution and tissue spaces to account for the conflicts with the theory which have been observed. This explanation does not appear very hopeful to us but we are not prepared to rigidly exclude it until the total electrolyte balance is better explored.
There is, however, another experimental conflict with the theory which is still harder to exclude completely. This is the finding that the pH of the muscle is at least approximately the same both inside and out while the potassium concentration differs markedly. This might mean that the membrane is permeable to potassium but not to hydrogen ions. This, however, seems definitely contradicted by the evidence outlined above for a diffusion of potassium by exchange with hydrogen. Even a diffusion of potassium as undissociated KOH as suggested by Osterhout (1930) amounts to an exchange with hydrogen ions if water can penetrate. It has been argued that the membrane is impermeable to hydrogen ions because a change in pH does not affect the injury potential to the Same extent that a change in potassium concentration does. It should be noted, however, that the absolute concentration of potassium ions is so large that the relatively infinitesimal number of hydrogen ions can have very little effect upon the phase boundary potential so that the argument is quantitatively fallacious.
Two different theories have been proposed by Osterhout (Osterhout (1930) ); and Osterhout and Stanley (1932) and by Brooks (1929) to explain the accumulation of potassium in living cells. According to both theories, however, the potassium balance is not an equilibrium phenomenon at all but merely the result of a steady state of diffusion. The potassium accumulation is due then to a greater mobility of potassium as compared to sodium and to a continuous production of acid by COs formation inside the cell. However well this scheme may work for plant cells it does not seem appropriate for muscles. In the first place the muscle cells are small and well ventilated by blood so that the COs tension inside is very little greater than that outside and does not seem to be quantitatively sufficient to explain the great difference in potassium concentration. Further potassium cannot continue to enter a muscle cell as it can a Valonia cell for the muscle is not continuously growing and absorbing water. Without this provision the inequality in potassium concentration would not persist. Therefore it must be concluded that although such steady state theories may permit unequal Ko/K~ and Ho/H~ ratios the explanation is inadequate on other grounds.
It might be suggested that inequality between KdKo and H~/Ho ratios might be due to differences in the activity coefficients inside the cell as compared to those in solutions. Hill and Kupalov (1930) , however, have shown that the osmotic pressures inside and outside the muscle are equal if all the potassium is assumed to be in solution so that one could hardly expect a change in activity coefficient of K~ sufficient to change this ratio very much. A change in activity of hydrogen ions could hardly explain a pH shift from the theoretical 5.52 to 7.0 and the change in the activity of HCOs-ions which Meyerhof, M6hle, and Schulz (1932) have found only makes matters worse.
While the theory of Mond and Netter appears to be incomplete it also fits the facts remarkably well in many ways. Without rejecting it altogether we prefer to suppose for the present that there is some independent mechanism within the muscle which regulates the pH to approximate neutrality in spite of the demands of the membrane equilibrium. Some continuous supply of energy would obviously be necessary for this purpose which might help to explain the resting oxygen consumption. This suggestion, however, is obviously of little real value until a detailed mechanism can be offered. We are, however, emphatically of the opinion that this equality of pI-I inside and out cannot be explained away by considerations of tissue spaces for example but must be included in the theory as an important item. SUMMARY 1. Analyses were made of the K and lrlCO3 content, the irritability, and weight change of isolated frog sartorius muscles after immersion for 5 hours in Ringer's solutions modified as to pH and potassium content.
2. At each pH a concentration of potassium in the solution was found which was in diffusion equilibrium with the potassium in the muscle. In greater concentrations potassium moved into the muscle against the concentration gradient and vice versa.
3. The greater the alkalinity of the solution the smaller the concentration of the potassium at equilibrium so that the product of the concentrations of OH and K in the solution at equilibrium tends to remain approximately constant.
4. The pH inside the muscle is approximately equal to that outside when first dissected but it tends to change during immersion so as to follow the changes in the pH of the solution. This finding is in direct conflict with the theory according to which the high potassium concentration inside should be accompanied by an equally high hydrogen ion concentration in relation to that outside.
5. The diffusion of potassium into the muscle makes its contents more alkaline but the increase in alkalinity is not always, nor usually, equivalent to the amount of potassium which has diffused and con-
